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Corrie L. Gallant-Behm1,2, Pan Du3, Simon M. Lin3, Philip T. Marucha4, Luisa A. DiPietro4
and Thomas A. Mustoe1
Fibroproliferative scars are an important clinical problem, and yet the mechanisms that regulate scar formation remain
poorly understood. This study explored the hypothesis that the epithelium has a critical role in dictating scar formation,
and that these interactions differ in skin and mucosa. Paired skin and vaginal mucosal wounds on New Zealand white
(NZW) rabbits diverged significantly; the cutaneous epithelium exhibited a greater and prolonged response to injury
when compared with the mucosa. Microarray analysis of the injured epithelium was performed, and numerous factors
were identified that were more strongly upregulated in skin, including several proinflammatory cytokines and
profibrotic growth factors. Analysis of the underlying mesenchymal tissue demonstrated a fibrotic response in the
dermis of the skin but not the mucosal lamina propria, in the absence of a connective tissue injury. To determine if the
proinflammatory factors produced by the epidermis may have a role in dermal fibrosis, an IL-1 receptor antagonist was
administered locally to healing skin wounds. In the NZW rabbit model, blockade of IL-1 signaling was effective in
preventing hypertrophic scar formation. These results support the idea that soluble factors produced by the epithelium
in response to injury may influence fibroblast behavior and regulate scar formation in vivo.
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INTRODUCTION
In nearly all connective tissues, the process of wound repair
occurs via four major overlapping stages: homeostasis,
inflammation, proliferation/extracellular matrix synthesis, and
maturation/remodeling (Tredget et al., 1997). However, the
magnitude of the injury response may differ vastly between
various tissue types. For example, oral mucosal wounds tend
to heal faster and with less inflammation than do equivalent
cutaneous wounds (Szpaderska et al., 2003; Mak et al., 2009).
Oral mucosal wounds also demonstrate a more highly
regulated angiogenic response (Szpaderska et al., 2005), and
have a differential expression of key profibrotic growth factors
(Eslami et al., 2009) compared with skin, resulting in less
scarring than in skin wounds (Wong et al., 2009). Never-
theless, very little is known regarding the cellular and
molecular mechanisms that are responsible for the superior
wound repair in various mucosal tissues. Although the wound
environment has been invoked (Zelles et al., 1995), studies
suggest that there are also intrinsic tissue differences that may
affect healing in mucosa and skin (Bussi et al., 1995).
Increasing evidence suggests that the epithelium may have
a major role in regulating the behavior of the underlying
connective tissue following injury. One of the few accepted
clinical therapies for the treatment and prevention of
cutaneous hypertrophic scarring is occlusion of the epidermis
with silicone gel (Tredget et al., 1997; Mustoe, 2008), and its
mode of action is most likely by increasing the hydration
state of the epidermal keratinocytes (Sawada and Sone, 1992;
Mustoe, 2008; Tandara and Mustoe, 2008; Gallant-Behm and
Mustoe, 2010). In vitro investigations have confirmed that
hydrated keratinocytes may modulate fibroblast behavior,
including collagen synthesis, through the production and
release of proinflammatory cytokines (Chang et al., 1995;
Tandara et al., 2007). Tissue-specific differences in epithe-
lium structure, hydration state, and behavior may therefore
have a major impact on the underlying connective tissue.
Notably, the mucosal epithelium differs from skin in that it
lacks a stratum corneum and does not need to serve
functionally as a barrier to water loss. Furthermore, mucosal
healing occurs in a fully hydrated environment. We therefore
hypothesized that the mucosal epithelium would return
to a homeostatic baseline more rapidly than the cutaneous
epithelium and would behave differently following injury. In
this study, we demonstrate that the cutaneous and vaginal
mucosal epithelia have a differential response to injury, and
that increased epidermal production of proinflammatory and
profibrotic cytokines and growth factors results in dermal
fibrosis and scar formation.
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RESULTS
Epithelial response to injury is greater in skin than in mucosa
In order to identify tissue-specific differences in epithelial
behavior following injury, we developed a model of epithelial-
restricted injury in the New Zealand white (NZW) rabbit. A
grid of shallow incisional wounds, which extended through
the entire epithelia but did not significantly damage the
underlying connective tissue (30–50mm deep, Figure 1a,
12-hour time point), were created on the skin and vaginal
mucosa, and samples were taken at various times postsurgery
for histology and molecular analysis (Figure 1). All wounds
were completely re-epithelialized between 1 and 2 days
postsurgery. However, analysis of the reparative response
demonstrated a marked difference in epithelial thickness,
which suggests that the skin and mucosa utilized different
means to restore the epithelial integrity. Immediately following
injury, the mucosal epithelium thinned significantly, without a
reduction in the number of epithelial cell layers (Figure 1b and
c). This was followed by a return to the normal epithelial
thickness following re-epithelialization. These findings indicate
that the vaginal mucosa is similar to the gut mucosa in that it
undergoes restitution, a process of epithelial cell dedifferentia-
tion and migration to rapidly close a wound, followed by cell
proliferation to restore the normal epithelial thickness in the
area surrounding the wound site (Basson, 2001). In contrast,
these results show that the cutaneous epidermis increased in
thickness within 12hours of injury (Figure 1). This suggests that
cell proliferation in skin either precedes or occurs at the same
time as cell migration. Furthermore, cell proliferation in the
epidermis continued after the completion of re-epithelialization
and was sustained for many days, resulting in an epidermis that
was hypertrophic, four times as thick as unwounded controls,
and demonstrated a thickened stratum corneum. Similar
persistent thickening was seen in other studies in the mouse
(Schierle et al., 2007) and the rat (Kloeters et al., 2008). Thus,
the cutaneous epithelium demonstrated an exaggerated re-
sponse to injury when compared with the mucosal epithelium.
Microarray analysis identifies significant differences in gene
expression between skin and mucosal epithelia following injury
A microarray analysis was performed on RNA extracted from
the cutaneous and vaginal mucosal epithelia at 12 hours,
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Figure 1. Differential epithelial response to wounding in skin and mucosa. (a) Representative histology photomicrographs of control and injured skin and
vaginal mucosa demonstrate that following injury, the cutaneous epithelium undergoes significant hypertrophy, whereas the mucosal epithelium does not.
(b, c) Measurement of epithelial thickness indicates that mucosal wounds heal via restitution, resulting in a transient thinning of the epithelium without a
reduction in the number of cell layers. In contrast, cutaneous wounds heal by keratinocyte proliferation, resulting in a significant increase in epidermal thickness
following re-epithelialization. N¼8 wounds per time point. *Po0.05, **Po0.01, ***Po0.001. Original magnification 40. Scale bar¼100 mm.
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1 day, 3 days, and 5 days following injury, as well as
unwounded tissue. A custom Agilent 4 44K rabbit micro-
array was utilized (Agilent Technologies, Santa Clara, CA).
From a total of 23,679 unique probes, 14,647 met all
preprocessing criteria (see Materials and Methods section for
complete details). A principal component analysis was
performed (Supplementary Figure S1A online), and the largest
source of variability in the data was identified as tissue
type. A heatmap of the top 50 probes in the first principal
component (Supplementary Figure S1B online) demonstrates
that epithelial gene expression is dramatically different
between skin and mucosa at all time points, including before
injury. In fact, a total of 1,083 unique genes were differen-
tially expressed in unwounded skin and mucosa (complete
data set is available online). Of those, 528 unique genes were
upregulated in skin, and 555 were upregulated in mucosa.
Functional analysis using the Gene Ontology database
indicated that the majority of those differentially expressed
genes fell into the categories of cellular process, cellular
metabolic process, transport, anatomical structure develop-
ment, and cellular component organization (Supplementary
Figure S2A online). The second principal component
identified was time following injury (heatmap of top
50 probes available in Supplementary Figure S1C online).
To prevent the tissue-specific differences at time 0 from
overshadowing the gene expression changes over time in
response to injury, the data were then normalized against
their respective unwounded tissue before any additional
analysis. Not surprisingly, the top 50 probes identified in the
second principal component included a number of molecules
involved in epithelial proliferation and differentiation,
inflammation, and extracellular matrix synthesis and reorga-
nization. However, at all time points following injury, the
skin responded more vigorously to injury than did the mucosa
(Table 1). Before complete re-epithelialization (12-hour and
1-day time points), three times more genes were upregulated
in skin than in mucosa when compared with unwounded
tissue. Furthermore, in the genes that were differentially
expressed between skin and mucosa at each time point, there
was a greater upregulation of the top genes in skin than in
mucosa. In skin, the most highly upregulated gene (compared
with mucosa) was IL-8 (up 859-fold at 3 days). This was
closely followed by S100 calcium-binding protein A12
(581-fold), prostaglandin-endoperoxide synthase 2 (295-fold),
IL-1b (231-fold), vanin 1 (210-fold), CCL4-like-2 (208-fold),
serum amyloid A1 (194-fold), S100 calcium-binding proteins
A9 and A8 (191-fold and 153-fold, respectively), matrix
metalloproteinase-1 (141-fold), arginase (103-fold), matrix
metalloproteinase-3 (88-fold), and apolipoprotein B mRNA
editing enzyme, catalytic polypeptide 1 (62-fold). In contrast,
there was not a single gene that following injury was
upregulated in mucosa more than 50-fold when compared
with skin. Also of significance, it was observed that the
cutaneous response to injury was prolonged when compared
with mucosa. At 5 days after injury, only 34 genes remained
upregulated in mucosa (when compared with unwounded
tissue), whereas 454 genes remained upregulated in skin.
Functional analysis identified many of the genes that
remained upregulated in skin after re-epithelialization as
belonging to the Gene Ontology groups of cellular process,
anatomical structure development, multicellular organismal
development, response to stress, inflammatory response,
signal transduction, cell migration, and wound healing
(Supplementary Figure S2A online). These results correlate
with the histology findings of increased and prolonged
cutaneous keratinocyte activation following injury. Taken
together, they indicate that the skin has a greater response to
injury and requires a longer period of time to restore
homeostasis after injury than does the mucosa.
The above investigations have identified a number of
major differences between skin and vaginal mucosa, includ-
ing differences in basal gene expression and the identification
of genes that are upregulated in one tissue when compared
with another at each different time point following wounding.
However, it is also important to identify the genes that have a
different temporal pattern of expression between the two
tissue types following injury. In order to do this, a K-means
cluster analysis was performed on all 1,075 unique genes that
were differentially expressed between the skin and mucosal
wounds at one or more time points, after normalization to
unwounded tissue. A total of five clusters of genes were
identified (Figure 2 and Supplementary Table S1 online).
Cluster 1 contains a group of genes that are more highly
upregulated in skin than in mucosa immediately following
wounding, and that persist in their elevation over time (e.g.,
IL-1a). Cluster 2 contains several genes that are down-
regulated in mucosa following wounding, but that remain
unchanged in skin (e.g., b-catenin). Cluster 3 is the opposite
of cluster 1, wherein those genes are significantly down-
regulated in skin at the early time points following injury, but
that are modestly downregulated or are unchanged in
mucosa at the same time points (e.g., growth differentiation
factor 1). The genes included in cluster 4 are upregulated
following re-epithelialization in skin, but remain unchanged
in mucosa (e.g., inducible nitric oxide synthase). Finally,
the genes in cluster 5 are upregulated in mucosa and
downregulated in skin following injury (e.g., matrix metallo-
proteinase-2). Functional analysis of these clusters was
performed. Functionalities that are over-represented in
clusters 1 and 4 (up in skin) include cellular process,
response to stress, oxidative stress, stimulus, and wounding,
inflammatory response, defense response, cellular metabolic
process, and response to transforming growth factor-b
(TGF-b) receptor signaling. Functionalities that are over-
represented in clusters 3 and 5 (down in skin) include cellular
Table 1. Gene expression changes over time following
injury
Number of unique genes
Comparison 12h 1 day 3 days 5 days
Injured versus uninjured skin 926 988 495 454
Injured versus uninjured mucosa 261 309 100 34
Injured skin versus injured mucosa 728 892 463 489
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process, response to stress and stimulus, anatomical structure
development, organ development, anatomical structure
morphogenesis, and regulation of developmental process.
Although many of the Gene Ontology categories overlap for
these clusters, it is clear that factors that are involved in cell
proliferation, inflammation, and cell metabolism are upregu-
lated in skin following wounding, whereas factors that are
involved in cellular differentiation, tissue organization, and
organ development have a reduced expression in skin
following wounding when compared with mucosa.
Proinflammatory, profibrotic signals produced by the
epithelium following injury induce a fibrotic response
in the underlying connective tissue
The epithelium has the capacity to interact with the underlying
connective tissue through the production of proinflammatory
cytokines, chemokines, and growth factors (Barrientos et al.,
2008). Furthermore, microarray analysis identified that the
Gene Ontology functionalities of ‘‘inflammation’’ and ‘‘TGF-b
receptor signaling’’ were increased in skin when compared
with mucosa following epithelial injury. Therefore, additional
investigations were performed in order to elucidate the role of
epithelial-induced inflammation in the process of wound
healing. Quantitative reverse transcriptase-PCR was performed
on all epithelial samples utilized in the microarray analysis as
well as on several additional samples (N¼8 per time point).
Several proinflammatory cytokines were investigated, includ-
ing IL-1a, IL-1b, and tumor necrosis factor-a (TNF-a; Figure
3a–c). As observed in the microarray, IL-1a expression was
significantly upregulated in both skin and vaginal mucosa
following injury (15-fold and 3-fold, respectively, at 12hours),
and that upregulation was significantly greater in skin than in
mucosa. This was then followed by a significant upregulation
in IL-1b in skin following re-epithelialization (42-fold at 3
days). Furthermore, TNF-a expression was elevated in skin but
not in mucosa at all time points following injury. Thus, it was
confirmed that the cutaneous epithelium produced signifi-
cantly more proinflammatory cytokines and for a significantly
longer period of time than did the mucosal epithelium of the
same animal, following an identical injury. Profibrotic growth
factors are also important for regulating the wound healing
process. Therefore, the growth factors TGF-a, and TGF-b were
also investigated by quantitative reverse transcriptase-PCR
(Figure 3d and e). Both factors were significantly upregulated
in the cutaneous epithelium but not in the mucosal epithelium,
and for TGF-a, this upregulation persisted beyond the time of
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Figure 2. Cluster analysis: different temporal patterns of gene expression are observed in skin and mucosal epithelia following injury. K-means cluster analysis
was performed on 1,075 unique genes that were differentially expressed in skin and mucosal wounds compared with unwounded tissue. A value of 0 indicates
that expression of that group of genes is the same as unwounded tissue. The bold line indicates the cluster center, and the gray band, the 95% confidence
interval. (a, d) Clusters 1 and 4 are upregulated in skin, but not mucosa following injury. (b, c) Clusters 2 and 3 are downregulated in mucosa and skin,
respectively, following injury. (e) Cluster 5 is upregulated in mucosa following injury but is slightly downregulated in skin over the same time course.
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re-epithelialization. These results validate the microarray
findings, and confirm that the proinflammatory and profibrotic
response of the skin is greater than that of the mucosa,
following epithelial injury.
A number of factors produced by the epithelium have the
potential to cross the basement membrane and act on the
fibroblasts and other cells of the underlying connective tissue
(Barrientos et al., 2008). For example, in the normal
circumstance of an injury that affects both the epithelium
and connective tissues, the epithelial-derived IL-1b and TGF-b
have the potential to induce fibroblast expression of TGF-b,
thereby stimulating fibroblast proliferation and extracellular
matrix synthesis (Barrientos et al., 2008). Therefore, in this
study, quantitative reverse transcriptase-PCR was performed
on RNA extracted from the unwounded connective tissue of
the skin (dermis) and vaginal mucosa (lamina propria) that was
located beneath the injured epithelium, to determine if an
injury restricted to the epithelium may produce a profibrotic
response in the connective tissue (Figure 4). Notably, there was
indeed a significant upregulation of TGF-b in the skin, but not
the mucosa, in the absence of a connective tissue injury.
Furthermore, expression of collagen 1a2, one of the major
extracellular matrix components in the dermis and lamina
propria, and of TIMP-1 (tissue inhibitor of metalloproteinase
1), the major inhibitor of the matrix metalloproteinases, was
also increased in cutaneous but not mucosal connective tissue
following an epithelial injury. These results indicate that the
increased epidermal keratinocyte activation following injury
and the increased production of proinflammatory and
profibrotic factors by the injured epidermis were sufficient to
produce a fibrotic response in the dermis in the absence of
dermal injury. Furthermore, the reduced response of the
mucosal epithelium to injury was sufficient to restore the
epithelial barrier, but did not result in profibrotic changes in
the underlying connective tissue. Thus, these findings suggest
that the response of the epithelium following injury may in fact
regulate the connective tissue’s behavior.
Excessive or prolonged inflammation may induce cutaneous
fibrosis and scarring
Most injuries to the skin are not restricted to the epithelium,
and therefore, some fibroblast proliferation and extracellular
matrix synthesis are required for complete repair of the
dermis. However, in many cases, the response to wounding
is greater than the injury itself, resulting in a scar. In order
to determine the role of excessive or prolonged inflammation
in the regulation of wound healing and scar formation,
we utilized a more invasive wound model that reliably forms
clinically relevant scars. Full-thickness punch wounds were
created on the ventral ear of NZW rabbits, and were allowed
to heal. Because of, in part, the slow healing (18–20 days
to complete re-epithelialization) and also the long delay
in restoring the epithelial integrity (weeks to months after
re-epithelialization; Gallant-Behm and Mustoe, 2010), these
wounds reproducibly form hypertrophic scars between 28
and 35 days following the initial surgery. In this study, an IL-1
receptor antagonist (IL-1RA, Anakinra; Amgen, Thousand
Oaks, CA), which inhibits both IL-1a and IL-1b signaling,
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Figure 3. Increased proinflammatory/profibrotic gene expression in cutaneous epithelium following injury. Quantitative reverse transcriptase-PCR was
performed on all epithelial RNA samples (N¼ 8). Expression of the proinflammatory cytokines (a) IL-1a, (b) IL-1b, and (c) tumor necrosis factor-a (TNF-a), as well
as the growth factors (d) transforming growth factor (TGF)-a and (e) TGF-b1 were significantly higher in skin than in mucosa following injury. These results
confirm the results of the microarray, including the temporal pattern of IL-1a and IL-1b upregulation in skin. Notably, the upregulation of IL-1b and TNF-a in skin
was not inhibited by wound closure (day 2), indicating that the epidermal keratinocytes remain highly active for a period of time following re-epithelialization.
*Po0.05, **Po0.01, ***Po0.001.
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was administered locally to a subset of wounds following
complete re-epithelialization. In order to determine whether
the recombinant human IL-1RA would function in the rabbit,
a multiple sequence alignment of the human and rabbit
sequence was performed using Multalin version 5.4.1
(France) (Corpet, 1988) (Supplementary Figure S3 online). It
was determined that 16 of the 17 amino-acid residues
required for the antagonist–receptor interaction (Schreuder
et al., 1997) were conserved between rabbit and human.
Furthermore, administration of the IL-1RA was effective in
reducing the dermal fibrosis in this animal model (Figure 5).
There was a compensatory increase in IL-1b expression
observed following treatment with the IL-1RA; however,
there remained sufficient antagonist in the system to prevent
increased downstream signaling (c-FOS expression, Figure 5b
and c). Therefore, interference with the inflammatory cascade
following complete re-epithelialization was indeed sufficient
to reduce the dermal fibrotic response and inhibit scarring.
DISCUSSION
In this report we show that the skin and vaginal mucosal
epithelia have a differential response to injury, and that the
injured epithelia can affect the behavior of the underlying
mesenchymal tissue, even in the absence of a connective tissue
injury. Given that little is understood about the pathophysiology
of hypertrophic scar and keloid formation, the mechanism
described here may help to explain how fibroproliferative scars
form in some individuals and in some tissues, but not in others.
The observations strongly suggest that the epithelium has an
impact on the degree of underlying dermal fibrosis, and suggests
that reduction in epithelial signaling will result in decreasing
fibrosis. These findings are consistent with previous work
indicating that occlusive dressings result in decreased cutanous
scarring by reducing epithelial cytokine production (Kloeters
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et al., 2008; Tandara and Mustoe, 2008; O’Shaughnessy et al.,
2009; Gallant-Behm and Mustoe, 2010), whereas disruption of
the stratum corneum water barrier results in increased scarring.
These findings are also consistent with very recent work
comparing mouse oral mucosal wounds to cutaneous wounds
(Chen et al., 2010), and are complementary to previous studies
performed after tape stripping, surgical injury, and burn injury in
skin (Cole et al., 2001; Spies et al., 2002; Sextius et al., 2010).
Microarray analysis has identified numerous molecular
differences in the cutaneous and mucosal epithelial response
to injury. One of the major groups of genes that are
upregulated in the cutaneous epithelium when compared
with mucosa comprises proinflammatory cytokines and pro-
fibrotic growth factors, including IL-1a, IL-1b, IL-8, TNF-a,
and TGF-b1. Although secreted protein levels have not been
tested, these factors remain crucial for the regulation of
fibroblast proliferation, migration, and extracellular matrix
synthesis (Duncan and Berman, 1989; Maas-Szabowski and
Fusenig, 1996; Varga, 2002; Kawaguchi et al., 2004; Tandara
et al., 2007; Wynn, 2008; Yano et al., 2008).
These factors form a major axis by which the epithelium
communicates with the underlying mesenchymal tissue to
stimulate tissue repair and fibrosis. IL-1 signaling in particular
has been found to be involved in the development of
numerous other fibrotic diseases, including subglottic steno-
sis (upper airway mucosal fibrosis) (Sandulache et al., 2007),
liver fibrosis (Gieling et al., 2009), renal fibrosis (Jones
et al., 2009), lung fibrosis (Gasse et al., 2007), inflammatory
arthritis (Abdollahi-Roodsaz et al., 2009), systemic sclerosis
(Kawaguchi et al., 2006), and cardiac fibrosis during prog-
ression to heart failure (Blyszczuk et al., 2009). Interference
with IL-1 signaling may be an effective therapeutic to prevent
or resolve fibrotic diseases. For example, IL-1 receptor
antagonists have been utilized as therapies in inflammatory
and fibrotic conditions such as septic shock, inflammatory
arthritis, graft-versus-host disease, inflammatory bowel dis-
ease (Arend, 1993), and lung fibrosis (Gasse et al., 2007). In
the skin, preliminary studies have suggested that IL-1RAs can
reduce the deep tissue response to injury and may modulate
the wound healing process (Thomay et al., 2009). In this
study, we have successfully used an IL-1RA to prevent skin
fibrosis in a reliable model of hypertrophic scar formation.
This suggests that other avenues for the development of future
therapeutics for the prevention and treatment of fibroproli-
ferative scars may be found in those factors that are
differentially expressed in the skin and mucosal epithelia
following injury. For example, TNF neutralizing antibodies
and receptor antagonists are currently utilized in clinical
practice in rheumatology and may be efficacious in prevent-
ing or treating cutaneous fibrosis.
In this study we describe that the amount of epithelial
proliferation differs in the skin and vaginal mucosa following
an identical injury. Keratinocyte proliferation and differentia-
tion is highly regulated by extracellular calcium (Ca2þ )
concentration (Hennings et al., 1980). This study has
identified a number of calcium-binding proteins of the
EF-hand (helix-loop-helix) type that may be involved in the
differential epithelial response to injury in skin and mucosa.
Microarray analysis identified that expression of the S100
calcium-binding proteins A6, 8, 9, 11, and 12 was increased
in unwounded mucosa when compared with unwounded
skin, and yet was elevated in skin wounds at all time points.
The S100 proteins are a multifunctional group of calcium
sensors that are involved in regulating cell cycle progression
and which contribute to the formation of the cornified
envelope in epidermal keratinocytes (Donato, 1999), as well
as in sensing cutaneous epithelial barrier disruption or stress
(Marionnet et al., 2003; Sextius et al., 2010). Additionally,
the S100 proteins have numerous roles in modulating the
inflammatory response, including roles in myeloid cell
maturation and function, macrophage activation, leukocyte
chemotaxis, and fatty acid synthesis and activity (Donato,
1999). In particular, secreted S100A8/9 heterodimers and
S100A12 (also known as calgranulin C or EN-RAGE) have
numerous proinflammatory functions including the induction
of inflammatory cell recruitment and cytokine synthesis,
and may induce collagen synthesis by mesenchymal cells
(Yang et al., 2001; Halayko and Ghavami, 2009). Further-
more, S100A8/9 and S100A12 may be induced by IL-1b,
TNF-a, and TGF-b (Gottsch et al., 1999; Lim et al., 2009), all
of which were upregulated in injured cutaneous epithelium
compared with mucosa. Therefore, the S100 calcium-binding
proteins may have a major role in regulating the epithelial
response to injury and in the cross-talk between the
epithelium and the underlying connective tissue following
injury, thereby affecting the magnitude and duration of the
tissue repair response in the skin and vaginal mucosa.
In conclusion, in this study we show that the epithelium
has a major role in the regulation of connective tissue
behavior. Keratinocyte proliferation, activation, and produc-
tion of proinflammatory and profibrotic factors are not only
involved in the regulation of wound healing, but may also
result in connective tissue fibrosis, or scarring. This study has
shown that it is possible to interfere with this epithelial–con-
nective tissue interaction, resulting in a clinically relevant
improvement in outcome. Thus, understanding the role of the
epithelium in wound repair may provide insights into
pathways that regulate fibrosis in the skin and other tissues,
and may lead to the development of new therapeutics.
MATERIALS AND METHODS
See the Supplementary Materials and Methods online for more details.
Briefly, paired skin and mucosal wounds were created on female
NZW rabbits according to the approved protocol of the institutional
animal care and use committee of the Northwestern University. At
various time points after injury, the animals were killed and tissue
samples were taken for histology and total RNA was extracted from
the epithelial and mesenchymal tissue compartments. Quantitative
reverse transcriptase-PCR and microarray analysis was performed. K-
means clustering and functional analysis was performed on the genes
that were differentially expressed over time in the two tissues or that
exhibited different temporal expression patterns. To determine the
relative role of IL-1 in regulating dermal fibrosis, the NZW rabbit
model of hypertrophic scarring was utilized. Following wound re-
epithelialization, an IL-1RA or vehicle was administered locally, and
the amount of scarring was quantified using histology.
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